Grape as one of the important horticultural crops plays significant role in health maintenance. In this study, the effect of nitric oxide (NO) was investigated on some physio-biochemical attributes and antioxidant enzymes activities of grape fruits (cv. Rish Baba) during chilling damage. Grape fruits were treated by 0 (control), 0.25 and 0.5 mM of NO and stored at −0.5°C and 95% relative humidity for 5 weeks. The results showed that NO reduced chilling injury (CI) and decay, ion leakage, lipid peroxidation and accumulation of malon dialdehyde (MDA) and hydrogen peroxide (H 2 O 2 ) content of grape fruits. The NO also increased vitamin C, organic acids, total soluble solids, and the activity of antioxidant enzymes such as peroxidase (POD), ascorbate peroxidase (APX), superoxide dismutase (SOD) and catalase (CAT) during chilling damage. The results indicated that 0.5 mM showed the best effect. The founding revealed that NO has potential application in postharvest treatment by alleviating CI and maintain of quality. The present study is the first evidence of nitric oxide effects on avoiding chilling damage in grape. ARTICLE HISTORY
Introduction
Grape (Vitis vinifera L.) is one of the most important horticultural crops in the world. Grape is a valuable crop compared with the various products in terms of production, so it plays an important role in economy of countries. [1] Grape production is about 74 million tons in 2014, that Iran with a production of two million tons has an important place in the world. [2] Grape plays a significant role in protection against inflammation, cardiovascular disease, cancer, age-related disorders and health maintenance. [3] Chilling injury (CI) and decay are primary postharvest problems of grape and many other horticultural crops during storage. [4] [5] [6] Oxidative stress from an excessive reactive oxygen species (ROS) has been related with chilling damage in plants. [7, 8] Exceeding of ROS leads to oxidative damages including inactivation of enzymes, lipid peroxidation, protein degradation and DNA damage. [9] Plant antioxidant defense systems including enzymatic and non-enzymatic protection have co-evolved with aerobic metabolism to counteract oxidative damage due to ROS. [10] This involved lipid soluble antioxidant (α-tocopherol and carotenoids), water soluble reductants (glutathion and ascorbate) and enzymes such as catalas (CAT), ascorbate peroxidase (APX), superoxide dismutase (SOD), peroxidase (POD) and glutathion reductase (GR). [11] Oxidative damage only ensues when the complex systems fail to limit ROS accumulation. Previous studies have shown that a positive relationship exists between the antioxidant enzymes activity and chilling tolerance in harvested fruits. [8, 12] These results suggest that enhanced antioxidant enzymes systems and reduced peroxidation of membrane lipid may be involved in chilling tolerance in harvested fruit.
Several methods have been developed to increase shelf life of grape fruit. These include postharvest physical treatments [13, 14] , modified atmosphere packaging [15] [16] [17] , temperature conditioning [18] and chemical treatments with plant growth regulators. [19] [20] [21] [22] In this case, nitric oxide (NO) due to its properties (small size, no charge, short-lived, free radical and highly diffusible across biological membranes) has multifunctional roles in plant growth and mechanisms [23] and involved many plant physiological processes. [24, 25] NO protects plant cells against oxidative stress by reducing ROS accumulation. [26] [27] [28] It has been reported that NO can counteract oxidative damage and has protective effect against various stressful conditions. [9, 27, 29] In some studies, NO has regulated the multiple plant responses towards a variety of biotic and abiotic stresses and alleviating some consequences provoked by oxidative stresses. [30] [31] [32] [33] For example when NO applied exogenously, it improved chilling tolerance and reduced incidence of CI in several fruits. [34] [35] [36] In this study, the effect of NO was investigated on some physio-biochemical and antioxidant enzymes activities of grape cv. Rish Baba during chilling damage. The aim of study was to determine how NO improve the mechanisms of chilling tolerance and shelf life of grape.
Materials and methods

Plant materials and treatments
Rish Baba grape fruits were harvested at commercial maturity from a commercial orchard in Kerman, Iran, and then transported to the laboratory on the same day. Fruits without wounds or rot were selected based on uniformity of size and absence of physical injury or disease. The fruits were disinfected with 1% sodium hypochlorite (v/v) for 2 min, washed, and dried in air. Subsequently, they were randomly divided into three groups. Two of the groups were immersed in aqueous solution containing, respectively 0.25 and 0.5 mM of sodium nitroprusside (SNP) as NO for 5 min, based on our preliminary experiments. The third group was immersed in distilled water for 5 min and served as a control. It should be noted that SNP was purchased from Sigma-Aldrich (St. Louis, MO, USA). In the preliminary experiment, we tested a series of SNP concentrations and found that a concentration of 1 mM contain about 2.5 µM NO in solution. Therefore, SNP at 0.25 and 0.5 mM or 0.62 and 1.25 µM NO was used in the following experiments. All fruits were enclosed in plastic boxes with polyethylene film bags to maintain the relative humidity at about 95% and stored at −0.5°C. We selected the temperature according to ROBERTS et al.. [18] Finally, fruit physiobiochemical and antioxidant enzymes activities were measured during 5 weeks as follow:
Chilling injury (CI) and decay
The symptoms of CI include surface pitting and browning. The CI index was determined according to the method described by OBENLAND et al.. [37] Grade levels were classified as follow: 0 (the orange fruits are unaffected); 1 (less than 25% of the fruit area shows CI symptoms in the peel); 2 (25-50% of the fruit area shows CI symptoms); and 3 (more than 50% of the fruit area shows CI symptoms). For this purpose, three replicates were performed for each treatment, and each replicate contained ten clusters. The CI index is calculated using the following formula: CI index % = (CI grade × number of fruit at this level)/(highest level × total fruit number) × 100
Ion leakage
Cell membrane stability index was measured according to PAKKISH et al. [38] The fruits were separated from the twig samples, placed in tubes with 15 ml distilled water and kept in a water bath for 24 h at room temperature (25 • C). Then conductivity (EC 1 ) measured using EC meter (model: Metrhom). The samples were then frozen (−20
• C) for 24 h and kept in 25
• C for 24 h and remeasured for conductivity (EC 2 ). The relative conductivity (EC) of each sample was calculated as: EC % = (EC 1 /EC 2 ) × 100
Lipid peroxidation and accumulation of malon dialdehyde (MDA)
Lipid peroxidation was determined and expressed as malon dialdehyde (MDA) equivalents, according to RAJINDER et al. [39] with some modification. To do so, the fruit pulp and peel tissue (4 g) were homogenised with 20 mL of 10% trichloroacetic acid and then centrifuged for 10 min at 5000 × g. 1 mL of the supernatant was mixed with 3 mL of 0.5% thiobarbituric acid (TBA) dissolved previously in 10% trichloroacetic acid. The reaction mixture solution was heattreated for 20 min at 95
• C, quickly cooled, and then centrifuged for 10 min at 10000 × g to clarify precipitation. Then, the absorbance was measured at 532nm and subtracted from the nonspecific absorbance at 600nm. The amount of MDA was calculated using an extinction coefficient of 155 mM −1 cm −1 and expressed as mg g −1 of fresh weight.
Hydrogen peroxide (H 2 O 2 ) content H 2 O 2 content assay was done by the method described by PRASSAD. [40] Fresh tissues (2 g) were homogenised with 10 ml of acetone at 0°C. After centrifugation at 6000 × g for 15 min at 4°C, the supernatant phase was collected. The supernatant (1 ml) was mixed with 0.1 ml of 5% titanium sulphate and 0.2 ml ammonia, and then centrifuged at 6000 × g for 10 min at 4°C. The pellets were dissolved in 3 ml of 10% (v/v) H 2 SO 4 and centrifuged at 5000 × g for 10 min. Absorbance of the supernatant phase was measured at 410nm. H 2 O 2 content was calculated using H 2 O 2 as a standard and then expressed as µg g −1 on fresh weight.
Ascorbic acid (vitamin C), total acids (TA) and total soluble solids (TSS) analysis
The ascorbic acid (vitamin c) was determined according to BASIOUNY. [41] To do so, iodine (1.269 g) and potassium iodide (KI) (16.6 g) were homogenised with distilled water and the volume increased up to 1 liter. In this solution, iodine normalisation is 0.01%. The mixture was kept for 1 to 2 days and then 20 ml of it was added to 2 ml of starch solution (1%). The mixture was titrated with pure ascorbic acid solution (100 mg of ascorbic acid powder/100 ml of distilled water) to change its colour to gray. The iodine factor was calculated as following:
F: iodine mixture factor (mg L −1 ); N: iodine mixture normality; A: amount of the pure ascorbic acid (mg); B: amount of the used iodine (mg). Subsequently, total acids (TA) was determined by neutralisation of fruit juice using 0.1 N NaOH [41, 42] and data presented as mg 100ml
. Total soluble solids (TSS) was also measured using digital refractometer (Atago Co, Ltd, Tokyo, Japan) with a range of 0-32%, by placing 1-2 drops of fruit juice. [43] Antioxidant enzymes activity For measuring antioxidant enzymes activity, pulp and peel tissue samples (4 g) was homogenised with 0.1 g PVPP in 10 mL of ice-cold PBS (25 mM) containing 1 mM EDTA. The homogenate was centrifuged at 12000 × g for 20 min at 4°C, and the resulting supernatant was collected for the enzyme assay [44] as follow:
Peroxidase (POD) activity was analysed according to XING et al. [45] with some modification. 0.5 mL enzyme extract was incubated in 2 mL buffered substrate (100 mM sodium phosphate, pH 6.4 and 8 mM guaiacol) for 5 min at 30
• C and the increasing absorbance measured at 460nm every 30 s for 120 s after adding 1 mL of H 2 O 2 (24 mM). POD activity was expressed as U per mg of protein, where U = ΔA at 470 nm s −1 .
Ascorbate peroxidase (APX)
Ascorbate peroxidase (APX) activity was assayed according to NAKONA and ASADA. [46] Reaction mixture in a total volume of 1 ml contained 50 mM K-phosphate buffer (pH 7.0), 0.2 mM ascorbic acid, 0.2 mM EDTA, 20 mM H 2 O 2 and enzyme. H 2 O 2 was the last component to be added and the decrease in absorbance was recorded at 290nm (extinction coefficient of 2.8 mM
) using a UVvis spectrophotometer. Correction was made for the low, non-enzymicoxidation of ascorbic acid by H 2 O 2 . APX specific activity expressed as unit mg protein 
Superoxide dismutase (SOD)
Superoxide dismutase (SOD) activity was analysed according to MISRA and FRIDOVICH. [47] About 200 mg of fresh tissues were homogenised in 5 ml of 100 mM K-phosphate buffer (pH 7.8) containing 0.1 mM EDTA, 0.1% (v/v) triton X-100and 2% (w/v) polyvinyl pyrrolidone (PVP). The extract was filtered through muslin cloth and centrifuged at 22000 × g for 10 min 4-8
• C. The supernatant was dialysed in cellophane membranetubings against the cold extraction buffer for 4 h with carbon-ate/bicarbonate buffer and then used for the assay. The assay mixture in a total volume of 3 ml contained 50 mM sodium carbonate/bicarbonate buffer (pH 9.8), 0.1 mM EDTA, 0.6 mM epinephrineand enzyme. Epinephrine was the last component to be added. The adrenochrome formation in the next 4 min was recorded at 475nm in a spectrophotometer. One unit of SOD activity is expressed as the amount of enzyme required to cause 50% inhibition of epinephrine oxidation under the experimental conditions. The specific activity of SOD expressed as unit mg protein 
Catalase (CAT)
Catalase (CAT) activity was assayed according to XING et al. [45] with some modification. The reaction mixture consisted of 2 mL sodium phosphate buffer (50 mM, pH 7.0), 0.5 mL H 2 O 2 (40 mM) and 0.5 mL enzyme extract. The decomposition of H 2 O 2 was measured by the decline in absorbance (A) at 240nm. CAT specific activity was expressed as U kg .
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Statistical analysis
The experiment was as a factorial randomised complete design with three replications. Data was analysed by one-way ANOVA and mean comparison were performed by Duncan's new multiple range test using SPSS version 23.0 (SPSS Inc., Chicago, IL, USA).
Results
Analysis of variance revealed significant differences (P ≤ 0.05) in the studied traits in both NO application and the time of use it ( Table 1 ). The mean values of CI and decay, ion leakage, lipid peroxidation and accumulation of MDA, and H 2 O 2 content have increased during 5 weeks at cold storage that the application of NO reduced them significantly. Moreover, the NO increased vitamin C, TA, TSS, an antioxidant enzymes activity during cold storage.
Chilling injury (CI) and decay
The effect of NO on CI and decay of grape fruits during cold storage is shown in Figure 1 . CI and decay symptoms (surface pitting and browning) increased during 5 weeks at cold storage and NOtreated fruit had the lowest damage. In the untreated control grape fruit, CI and decay symptoms occurred at 2 weeks after storage and it has been increased at 5 weeks (50.21%). However, CI and decay symptoms in NO-treated fruit occurred at 2 weeks after storage and it was significantly lower than the index in non-treated fruits. Based on these results, the lowest CI and decay values were observed in NO-treated fruits as compared to non NO-treated fruits. So, the NO at 0.5 mM was the most effective treatment among the all treated fruits, in alleviating CI and decay percentage.
Ion leakage
As shown in Figure 1 , ion leakage increased during 5 weeks at cold storage of grape fruits and NOtreatment reduced leakage as compared to the control. The highest and lowest ion leakage was related to untreated and NO-treated grape fruits, respectively. In the untreated control grape fruits, ion leakage was occurred at 1 week after storage and it has been increased at 5 weeks (57.55%). However, the ion leakage in NO-treated fruits occurred at 2 weeks after storage and it was significantly lower compared to the control. According to the results, the lowest ion leakage was observed in NO-treated fruits specially NO at 0.5 mM was the most effective treatment.
Lipid peroxidation and accumulation of malon dialdehyde (MDA)
Lipid peroxidation, used as direct indicator of membrane injury, is often associated with CI. Regarding data of MDA accumulation that indicates lipid peroxidation, a continuous increase was observed in lipid peroxidation both in control and treated grape fruits. Although NO significantly delayed the increase of lipid peroxidation during storage, at the end of storage period (day 35), the lipid peroxidation of samples treated with NO was significantly lower compared to the control samples. Based on the results, the lowest lipid peroxidation was observed in NO-treated fruits and NO at 0.5 mM was the most effective treatment (Figure 2 ).
Hydrogen peroxide (H 2 O 2 ) content
Changes in H 2 O 2 content of grape fruits are presented in Figure 3 . In general, H 2 O 2 content increased during storage in both control and NO-treated grape fruits. The increasing of H 2 O 2 content in the control group was much higher than that in the NO-treated grapes. According to the results, the lowest H 2 O 2 content was observed in NO-treated fruits and NO at 0.5 mM was the most effective treatment.
Ascorbic acid (vitamin C), total acids (TA) and total soluble solids (TSS)
As shown in Figure 4 . vitamin C and TA decreased during 5 weeks at cold storage of grape fruits and NO-treatment increased them as compared to the control. The lowest and highest traits were related to the untreated and NO-treated grape fruits, respectively. In addition, the NO increased TSS during cold storage of grape fruits. Based to the results, the highest vitamin C, TA and TSS were observed in NO-treated fruits specially NO at 0.5 mM was the most effective treatment.
Antioxidant enzymes activity
Antioxidant enzymes activity increased in grape fruits stored at −0.5°C. In control and NO treatments, activity of POD, APX, SOD and CAT peaked at the end of storage period (35 day). These enzymes had a similar activity during storage. The results show, NO treatment at 0.25 and 0.5 mM (especially 0.5 mM) induced the activity of these enzymes in grape fruits (Table 2) . 
Discussion
In the present study we found that treatment with nitric oxide (NO) reduced significantly CI and decay of grape fruits during storage at −0.5°C. CI and decay are major factors in reducing the quality and limiting the storage time of horticultural crops. To prevent CI development and extend shelf life, a number of strategies including physical and chemical treatments have been evaluated. [19] [20] [21] 48, 49] In this case, NO has been applied to reduce development of CI and decay symptom in some horticultural crops including broccoli, green bean and bok choy [50] , tomato [51] , strawberry [52] , Arabidopsis [53] , peach and plums. [35, 36, 54] Our results are consistent with the findings of these studies.
Moreover, there was a continuous increasing in tissue lipid peroxidation and ion leakage content in all fruits, but application of NO significantly delayed the increase of lipid peroxidation and ion leakage. Also, change in membrane permeability (revealed by H 2 O 2 content) showed trends similar to lipid peroxidation content; that is tissue H 2 O 2 content increased with storage duration and NO markedly delayed the increase. reported that CI occurrence is often accompanied by oxidative damage which can be followed through lipid peroxidation content since it is a final product of lipid peroxidation. [28] Our results showed that the membrane integrity was maintained as a result of NO treatment under cold stress. NO has been considered to be involved in a network of interacting signal transduction pathways which regulate defense responses to abiotic stress. [9, 27, 55] HUANG et al. [53] demonstrated that NOmediated stress tolerance in Arabidopsis.
In addition, the NO increased ascorbic acid (vitamin C), total acids (TA) and total soluble solids (TSS) under chilling stress. Vitamin C is important, because it supports normal tissue during wound healing. Deficiency in vitamin C causes the development of many degenerative diseases. [56] Vitamin C in non-enzymatic antioxidant that is synthesised under stress conditions in live cells. [57] BELIGNI et al. [30] has reported that vitamin C deficit is a critical factor in shelf life of some crops. Since the role of NO in increasing the resistance of live cells to stress due to its antioxidant activity and the gene expression [33] , an increase in vitamin C as a non-enzymatic antioxidant is natural in the treated fruits. [35] Furthermore, TA and TSS are indicators of fruit quality attributes. [42] Most of organic acids are secondary metabolites that their amounts decrease during storage. Treatment with NO delays senescence. Chemical compounds reduce the reduction process of the soluble solids via slowing down the fruits respiration and senescence. [58] So, the use of these compounds increases the fruits qualitative characteristics during storage. Probably, NO treatment protects the soluble solids via slowing down the respiration rate and senescence. In other studies, NO delays senescence and increased the shelf life of citrus fruits [59] and peach [36] after harvest. These findings confirm the results of this study.
Moreover, the NO significantly increased POD, APX, SOD and CAT activity under chilling stress. These results suggest that the effect of NO in reducing the occurrence of CI and decay were correlated to enhance antioxidant enzyme activity. Totally, low temperature disrupts the destruction of scavenging enzymes such as POD, APX, SOD and CAT. [60, 61] When horticultural crops are exposed to severe abiotic stresses including cold stress, large amounts of intracellular ROS are generated. [62, 63] The accumulation of ROS would induce lipid peroxidation, damage membrane structure, and cause solute leaking. [50, 64] The detoxification of ROS is dependent on antioxidant enzymes such as CAT and POD. [48, 65] The increasing of these enzymes activity contributes to the adaptation of plants to cold stress and ameliorates oxidative damage such as lipid peroxidation and H 2 O 2 content. [48, 66] A number of postharvest treatments that induce chilling and decay tolerance and alleviate CI and decay also enhance antioxidant enzyme activity. [8, 12, 67, 68] In this case, low concentration of NO induces the expression or activation of antioxidant enzyme which was proven in plants. [9, 27, 55] SALA and LAFUENTE [8] found that the chilling tolerant mandarins have a higher antioxidant enzyme activity that the chilling sensitive plants. YANG et al. [69] demonstrated that exogenous NO was effective in reducing CI and decay in cucumber by elicitation of CAT, POD, APX and polyphenol oxidase. SHI et al. [9] reported that NO enhanced the activity of CAT, APX and SOD in cucumber roots, and apoplastic H 2 O 2 in NO-induced antioxidant defense. ZHU et al. [70] has also reported that NO improved the antioxidant enzymes activity and reduced the ROS in kiwifruit during storage. Based on our results, chilling and decay tolerance of grape fruits was enhanced by postharvest treatment with NO. We suggest that the antioxidant enzyme activity in grape fruits induced by the NO may be a key factor in lowering oxidative damage caused by cold stress, thus improving the cold tolerance and alleviating CI of grape stored at −0.5°C. So, NO application can detoxify ROS such as H 2 O 2 and O 2 -.
Conclusion
The findings of the study show NO reduced CI and decay of grape fruits stored at −0.5°C and maintained its quality as well. The lipid peroxidation and peroxide hydrogen content were significantly reduced by NO especially at 0.5 mM. Vitamin C, organic acids, total soluble solids, APX and SOD enzymes activity has also showed higher levels in grapes treated with NO. NO treatments at 0.25 and 0.5 mM (especially 0.5 mM) induced the activity of these enzymes in grape fruits. It seems that NO-induced cold resistance may be due to stimulation of antioxidant enzymes and protection against membrane oxidative damage, decreased lipid peroxidation and H 2 O 2 content in grape fruits. These results may have implications for the use of NO in alleviating CI and maintaining of grape quality or other temperate fruits stored at low temperature. This is the first report in which NO has been shown to have beneficial effects against CI and decay of postharvest grape fruits.
